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Magnesium nucleation was studied over the range of approximately 700 to 950 K in a gas
evaporation apparatus. Measured supersaturation ratios ranged from approximately 37 to 4.2 over
this temperature range, respectively. A comparison of these data and Classical Nucleation Theory
shows that the two are not consistent. Although there is a good correlation between the
supersaturation and the temperature data when plotted in accordance with Scaled Nucleation
Theory, some of the derived parameters are slightly below the limits predicted by the
theory. © 1996 American Institute of PhysidsS0021-960626)02808-5

I. INTRODUCTION refractory nucleation experiments which are characterized by
high particle fluxes,J, high supersaturations§, and small
Interstellar dust grains represent only a small fraction ofcritical cluster sizesmgr,
the total mass within the interstellar medium, yet they play  In 1986, Barbara Hale published a Scaled Nucleation
an extremely important role in the chemical and physicalTheory which utilizes critical point quantities to write the
evolution of this region. These small grains serve as sites fosquations for nucleation in a material independent f&tm.
many chemical reactions and it is widely accepted that moFor a flux of 1 cm3s™ 1, this model predicts the following
lecular hydrogen is formed on the surfaces of these grainselationship between the critical supersaturation rafg,
Dust grains absorb and reemit light and are in fact responand the condensation temperattfe for temperatures well
sible for 30% of the total luminosity of the galakyDust  below the critical temperature of the material:
grains may also serve as sites to “cool” energetic gas mol-
ecules and influence how interstellar gas clouds collapse to  |n 5 ~T ()32
form stars. The exact composition of these grains is un-

known; major constituents of these grains are believed to bg¢he quantity) denotes the negative partial derivative with
refractory materials such as graphite and metal silicategespect to temperature of the surface tension per molecule
These refractory particles are formed from the gaseous ejeckgg typically ranges from 1.5 to 2.2—for most substances
of StarS, but the mechanism and conditions under Wh|Cm has a Va'ue Of approximate'y ch is the Critica' tem-
these particles form are poorly understood. perature of the material, anbl is a weak function of the

Only a handful of refractory nucleation studies havetemperature and supersaturation, approximately equal to
been published to date. This lack of data may be due to thg.53. For fluxes larger than 1 ¢rs 2, the critical super-

difficulty involved in producing and controlling supersatu- saturation is modified as follows:
rated vapors of these species. These studies have been per-

formed using one of three different method$) the shock In S~In S J
tube techniqué? (2) the gas evaporation technigfig.and “ 21nJ,)
(3) the upward thermal diffusion cloud chamSeAlmost where the term Inl,) is equal to 72+ 3 andQ represents
none of the refractory nucleation data collected to date fo"the bracketed term.r

lows the predictions of the Classical Nucleation Théay Scaled Nucleation Theory has been applied to a wide
its modifications such as that by Lothe and Pofifid.recent range of volatile materials with great success. In 1989, Hale

study of cesium nucleation using an upward thermal diffu-o¢ o) first tried to apply Scaled Nucleation Theory to refrac-

sion chamber is the only study which has produced experlfOry nucleation data on silver and Si@®ef. 11 taken by
mental refractory nucleation data in agreement with Classica\| i et 5145 Although the critical temperatures of these ma-
Nucleation Theory. This agreement is also restricted to the tarials are not known, Eq1) can be rearranged such that a
higher temperatures of the study—at lower temperatures Blot of (In 93 vs 17T yields a straight line. Furthermore, the
larger supersaturation than that predicted by Classical Nuclgziq of the slope of these data to the negative of the intercept
ation Theory is observed. In general, the agreement betwegl},ijes a method of predicting the material's critical tem-
Classical Theory and refractory data is very poor and it @pperatyre from valid nucleation data. Straightforward applica-
pears that the Classical Nucleation Theory does not hold 0, of the published data to the theory yielded unreasonable
results and prompted Halet al. to re-examine the original
INational Research Council Research Associate. data.
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In their original work, Nuthet al. derived nucleation

temperatures by performing calibration runs with an empty _1S0LierBelidar

furnace. Thermocouples were placed in the crucible, at the

typical position of nucleation and at various other positions }\

around the crucible. These temperatures were recorded over e lo

the normal operating range. During an actual run the thermo- | L]

couples in the nucleation region were removed and the cali- ﬁfg‘@ _ [=H Rotating
bration runs were used to predict the temperature at the site \ﬁ Folygon
of nucleation when the refractory material was placed in the . ez Alumina Grucible
furnace. Nuthet al. assumed that the vapor concentration ﬁ’nﬁiﬂ and Tungsten Heater
was controlled by the radial diffusion of the vapor away from | Copper || Type K Thermocouple
the crucible source. To determine the condensing concentra- To Mechanical

tion they applied a 17 dilution factor to the refractory vapor and Diffusion Pumps

based on the distance of the smoke front away from the

crucible. This dilution factor was typically on the order of FIG. 1. Cross-sectional diagram of the experimental apparatus.

1/16. Haleet al.reasoned that the temperature measurements

should be correct, but it was likely that the refractory metal

would be entrained in a buoyant plume above the crucible. [Pared to the system used by Nwhal, both of which take
so, the refractory concentration profile would not pe advantage of the fact that the vapor is constrained to a buoy-

diffusion-controlled but should in fact be relatively un- ant plume above the crucible. First, the outer furnace used in

changed from that of the source. After reanalyzing the datAlUth's original system has been removed. Its original role
under the assumption that the vapor concentration at the coM/@s {0 establish a conductive temperature gradient and allow
densation point was equal to that of the source, Hlal.  SOMe measure of control over the nucleation temperature.
found that Scaled Nucleation Theory and the data for silveVithout this outer furnace there is a much wider field of
and SiO were in remarkably close agreement and that th&€W and we are able to maintain clear, unobstructed sight of
theory predicted rather reasonable critical temperatures fdf'€ reéfractory smoke plume. The plume is very strong and
both materials. Unfortunately, an examination of all otherStéady and condensation typically occurs approximately 1
refractory nucleation data shows that only these two systerf@ @bove the crucible top. In fact, this smoke plume is so

are in strict agreement with Scaled Nucleation Théory. ~ Strong that it prompted us to make the second change in the
apparatus. Previously, the temperature at the point of nucle-

ation was calculated via calibration runs made with an empty
Il. EXPERIMENT crucible. In this work the temperature at the smoke-vapor
interface is probed directly using a small, thin-wire thermo-

The primary objective of this work is to provide addi- couple. A diagram of this thermocouple assembly is shown
tional data of better quality on the nucleation of refractory.n F?g '2 9 P y

species. Another goal is to compare these data with both Two lengths of rod are used to suspend the leads of a
Classical Nucleation Theory and Hale's Scaled Nucleatiorb 5mm (0.02 in) diameter thermocouple over the crucible

Thgory. Mggnesmm was chosgn for thls. experiment becaus‘Satretching the thermocouple in this manner provides a mini-
of its relatively low melting point and high vapor pressure. - o mount of disturbance to the smoke olume and in-

Other materials which we intend to study are zinc, bismuth T .
i treases accuracy in junction placement. The length of these
lead, and tin. ; . :
'Eyvo leads can be adjusted such that the junction can be po-

The experimental apparatus Is similar to the system US€Sitioned directly over the center of the crucible. In addition,
by Nuthet al.to study silver and SiO nucleation and a cross-

sectional diagram of the apparatus is shown in Fig. 1. The
apparatus consists of a 150 liter stainless steel bell jar which
is connected to a valve manifold and set of mechanical and
diffusion pumps. The material is vaporized from within an
alumina crucible which is surrounded by a resistive heater Side View
basket made of tungsten. The temperature at the top of the Smoke Plume
crucible is measured with a type-K thermocouple and the
condensing smoke cloud is illuminated using a xenon arc
lamp. A cross section of the smoke plume can also be illu-
minated using a two-dimensional fan of laser light. This fan

of laser light is generated at the port opposite the arc lamp by
directing a He—Ne laser at a rotating, polygon-shaped mirror.

Thermocouple Assembly

‘ Top View
Video Camera

Arc

Lamp Laser

Junction

During an experiment, the furnace and resulting smoke cloud Themecouple Viow Por
are captured on videotape by a camera mounted on a port at
90° to the arc lamp.

There are two significant changes in the apparatus com- FIG. 2. Thermocouple assembly.
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TABLE |. Equilibrium vapor pressure equation constants.

the entire thermocouple support assembly is mounted on a

gear-driven motor and can be accurately moved up or down

above the crucible to follow the moving smoke-vapor inter- 20

face. In the experiments we have performed the smoke :

plume is very steady and the presence of this thin thermo- .

gouple does not appear Fo affect the plume or alter the posi- 1.5 i il il ST

tion of t_he smokg—vapor mt_erface. _ 700 750 800 . 850 900 950
During a typical experiment, the apparatus is cleaned

and the crucible is filled with pieces of magnesium cut from T (K)

a solid rod of the material. Before the rod is cut, the surface

is ground slightly to remove any oxide coating that may be  FIG. 3. In@ vs T for magnesium at 100 Torr ambient pressure.

present on the surface of the rod. After filling the crucible,

the chamber is evacuated. One to two hours before a run and

while still under vacuum, the crucible is heated to approxi-tration is not significantly diluted is supported by the fact
mately 150 °C. The chamber is then filled with a low to that the diameter of the rising smoke plume is approximately
moderate pressure of hydrogen and heating is increased ungfjual to the diameter of the crucible opening.
the first appearance of magnesium smoke. The moving ther-  pata for magnesium condensation was taken at 100 Torr
mocouple is then lowered to the smoke cloud interface. Durambient pressure of hydrogen. This experiment was per-
ing the run the position of the moving thermocouple isformed three times to check for repeatability. The results of
manually adjusted to track the position of the interface ancach of these three runs is shown in Fig. 3. There is consid-
this temperature and the temperature of the crucible are rerable scatter in the data, yet the results of each run are
corded as the crucible is slowly heated and then cooled. consistent. Much of the scatter is due to the fact that the
temperature gradient is very steep near the crucible, although
ll. RESULTS there does not seem to be a large temperature drop across the
A. Nucleation data vapor/smoke interface. _
) o ) Data for magnesium nucleation covers the range from
There are several assumptions made in this work whickyos K 1o 940 K. Supersaturation values range from approxi-
should be noted before proceeding. First, it is assumed th?ﬁately 26 at the lowest temperature to 4.3 at the highest
the thermocouple used to probe the vapor/smoke interfac@mperature. Figure 4 is a plot of two additional magnesium

does not significantly influence the condensation process. Ig5ndensation runs made at 250 Torr of hydrogen. These re-
the experiments performed to date, the condensation front igts are essentially identical to those at 100 Torr.

extremely distinct and appears to be unaffected by the move-

ment of the thermocouple through this interface. Second, it is

assumed that the thermal convective currents are sufficiently

strong within the chamber to keep the refractory vapor con-

strained within a buoyant plume and essentially undiluted 3.5
from its source. The flux of particles is assumed to be essen-
tially constant over the temperature range studied and we do
not make any corrections to the data for the heat of conden-
sation of magnesium since we measure the temperature of
the gas at the point of nucleation directly.

The temperature at the crucible source is also measured
directly using chromel-alumel thermocouples. Both the equi-
librium vapor pressure at the source and at the condensation
point are calculated based on published magnesium vapor
pressure dat¥ e.g.: 15
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where the equilibrium vapor pressure equation constants are
as given in Table I. The assumption that the vapor concen- FIG. 4. In@© vs T for magnesium at 250 Torr ambient pressure.

logP,=— —=+B,+C, log T,
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FIG. 5. Plot of the r rimental temperatur . . . .
G. 5. Plot of the raw experimental temperature data FIG. 6. Plot of (In9?° vs 1/T in accordance with Scaled Nucleation

Theory.

The nucleation results presented in this work are very

dependent upon the magnesium vapor pressure equation used ] o ] ]
to reduce the raw data. Because of the sensitivity of oubigher than predicted by equilibrium relationships. A some-

results to this equation, we have decided to publish the raW/hat lower value of the surface free energy would bring the
experimental data, thereby allowing other researchers to ré=lassical theory and our data closer in agreement. However,
calculate our results using an updated vapor pressure rel§ince most of the condensation temperatures fall below the
tionship when or if it becomes available. Because of theM€lting point and the solid magnesium would presumably

volume of experimental data, the results are not tabulated bi{2ve & higher surface free energy than the liquid, this would
are instead plotted in Fig. 5. In this plot, the temperature ofénd to widen the gap between our data and classical theory.

the crucible source is plotted as a function of the temperature
of the magnesium condensation front. As seen from the plot ) ) ,
the data fit a straight line rather well. The equation for thisC- Comparison with scaled nucleation theory
line is Scaled Nu/cleation Theory predicts a linear relationship
_ between (I9?® and 1. Furthermore, this theory predicts
Tsoure=0-977 Teongt 139.4 @ that the ratio of the slope of such a line to the negative of the
with an r?=0.981. This fit is valid for condensation tem- intercept should be the critical temperature of the material.

peratures ranging from 710K to 890K. Fig. 6 is such a plot for the magnesium data collected in our
experiments. A least squares linear fit through the data yields
B. Comparison with classical nucleation theory (In 5)2/3: 2405 — 1.026 (6)

Classical Nucleation Theory predicts the following rela-

ith 2 of 0.89. This i fit th h the data yield
tionship for the condensation flug; wim anr o 'S near 1 rough 1ne data yIsies a

critical temperature for magnesium of 2343 K. This is very
20\ 12 5 —16m0°V? close to the “rule of thumb” estimate of,,,/0.6=2270 K
J= <—) VNT eXF{W}, () andis a very encouraging result.

In this work the nucleation flux is not measured, but it is
where o is the surface free energy is the mass of the ggtimated to be-101° particles per cfis 1. Using this es-
condensing moleculey is the volume of the condensing timate and our experimental magnesium data, the critical
molecule N, is the number density of the monomer, @08 ¢jyster size can be calculated. According to Scaled Nucle-

Boltzmann's constant. ation Theory, the critical cluster size,,, is
Using a melting point literature value of(556 2Ar

erg cm 2)*3 for the magnesium surface free energy and the )
cr 3B

data collected in this work, E¢5) yields an average flux of
103 cm 3s! and a maximum flux of only 10*” cm™3
s 1. A check on possible errors indicates that a realistic
value for the flux is well beyond reasonable limits/
assumptions in our data and data reduction.

For example, to obtain fluxes near®tén™3s ! using
Eq. (5) it would require errors of 50—100 °C in our direct and
thermocouple measurements or vapor pressures 15 times B=In S, 9

)

A=(3677)1’3Q[¥—1} 8
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TABLE II. Summary of evaporation experimental results.

Avg. Temp Avg. Press. Mass Loss Elapsed Time Mg Vapor Eq. Vap.
Run # (°C) (Torr) (9) (s) Press(Torr)  Press(Torr)  Ratio
1 628 103 0.1394 3060 0.926 1.78 0.520
2 630 100 0.7253 14400 1.03 1.86 0.554
3 721 99 1.0203 4500 4.88 9.31 0.524
4 630 245 0.4885 15300 0.655 1.86 0.352

Assuming a constart of 0.53 and a flux of 1¥, Eqgs.(1), D. Equilibrium vaporization

(2), and (6) g|ve_Q=_1_.42. This value is smalle_r than_ ex To determine the magnesium source concentration we
pected for a solid—it is closer to that of associated liquids

. ) I . assume that the vapor concentration is essentially equal to
for which 2 ~1.5. Eq.(7) predicts a critical cluster size of b y €q

28 10 109 . ; the t i ¢ that given by the equilibrium vapor pressure of magnesium
iod i?] thisTv?)?EeSIum atoms over the temperature range Stufy y,q temperature of the crucible. It has been brought to our

attention that the evaporation rates may be far from equilib-

¢ One reaS(tJB ?caled dNLthIeag?[E Theqr;ihm?g proylde beltfi m, especially for high molecular weight species evaporat-
eragreement between data and theory IS that by USING SCAIGH, iniq 10w molecular weight gasé8 Since these rates may

guantities, Scaled Theory is able to extend the useful rangfave a dramatic effect on our results, we have performed a

of Cla_s_sica_l Theory. As was pointed out in_ an earlier pébe_r, series of very simple experiments to check the validity of
guantities like the bulk liquid surface tension and bulk I|qU|dthis assumption

%J]mber di?]sltyt'ﬁ' do not expllgltly apﬁear in Scaled Since the magnesium vapor is seen to be constrained to a
eory—rather they appear as ratios such as plume, the evaporation rate can be closely modeled by

[ =T T] 10 f=pyVS, (12

and are replaced in the scaled formalism with the quantityvherem is the magnesium mass loss raig,q is the density
Q. If the bulk liquid density value is used ferin Eq.(10),  of magnesiumy is the average velocity of the plume, and
the effectivesurface energy can be calculated as S, is the cross sectional area of the plume at the point where
the magnesium condenses. This equation may be rearranged
0=530.7-0.2265. (1) to

Equation 11 predicts an effective surface tension of 322 .
erg cm 2 for magnesium at the melting point. This is lower Pmg= _ﬂ (13
than the literature value of 556 erg ¢f) but it should be VS
noted that the surface tension derived via Ed)) may not
necessarily correspond with the actual surface tension. It it is assumed that the diameter of the condensing plume is
interesting to note, however, that if EQLO) is used for the equal to the inside diameter of the crucible and therefore is
bulk surface tension in the Classical expression for the flux2.19 cm. From numerical modeling of the convective flows
the data collected in this work yield reasonable results for thand temperature profiles within the experimental apparatus it
condensation flux, i.e.J~10° cm 3s 1. In general, the is estimated that the average velocity above the crucible at
predictions of Scaled Nucleation Theory seem rather reasorthe point where the magnesium condenses is approximately
able. 30 cm s 1. We estimate that this value may be as small as 10
Unfortunately, the data and theory are not completelyor as high as 50 cm'$ and its value is the most debatable
consistent because of the somewhat lower than expecteguantity in Eq.(13).
value of(). According to Scaled Theory the intercept of Fig. By measuring the mass loss rate under constant condi-
6 should equal- (I'Q)?3Q). In this work the symboRQ is tions, the density of magnesium vapor above the crucible can
used to denote the term in brackets of E2).and is a slight be estimated. This magnesium density can then be converted
correction to the relationship between the supersaturatioto a pressure in Torr, assuming that the hydrogen carrier gas
and the condensation temperature for fluxes higher thabehaves ideally.
1 cm s 1. The values ofQ range from 1.13 to 1.29 for The results of four evaporation runs are shown in Table
fluxes of 1§ to 10 cm 2 s~ 1—values which are typically Il. Before an experiment, a crucible containing the magne-
found in refractory nucleation studies. The possible range ofium sample was weighed. After the experiment, the crucible
Q) is therefore 1.5 to about 2.2. This leads to upper and loweand remainder of the sample was re-weighed to determine
bounds for the intercept of 1.71 to —1.06. The intercept the amount of magnesium lost during the test. During a run,
derived in this work(—1.026 is slightly larger than that the crucible temperature was maintained constant and the run
predicted by Scaled Nucleation Theory. was sufficiently long that the heat up/cool down tran-
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sient period were a small fraction of the total experimentalthe predictions of Classical Nucleation Theory. Application
run time. The elapsed times shown in Table Il do not includeof the theory to our data yields unrealistically low fluxes
these transient periods. which cannot be explained even by considering the possibil-
Column 6 of Table Il gives the magnesium vapor pres-ity of very large errors in our data. It should be noted that our
sure calculated via these evaporation experiments. The equiata and Classical Nucleation Theory can be brought into
librium vapor pressure calculated using E§) is given in  agreement by using a value for the surface tension which is
the column labeled equilibrium vapor pressure and the ratisoughly 60% of the literature value for magnesium at the
of the experimental vs calculated vapor pressures is given imelting point.
the last column. The results are fairly consistent and in gen-  Application of Scaled Nucleation Theory yields reason-
eral it appears that the evaporation experiments yield a magble and fairly consistent values for the magnesium critical
nesium vapor pressure which is roughly one half of thatemperature and critical cluster size. Also, using our data and
based on published equilibrium vapor pressure equations. Scaled Nucleation Theory we are able to estimate an effec-
If the magnesium concentration is in reality about a fac-tive surface tension for the growing magnesium clusters. In-
tor of two lower in our experiments than we have assumed iterestingly, if this effective surface tension information is
our data reduction then this would lower the data points inused in the Classical expression, our temperature and super-
Fig. 6 by a constant value, (In2%~0.78. Eq.(6) would  saturation data yield reasonable values for the condensation
then be modified to yield flux. Although in general most of the results of Scaled
(In S)23= 2405/ 1.81. (14) Theory are reasonable, other quantities such as the excess
surface entropy per molecule appear to be on the limits of the
The magnesium critical temperature calculated from(E4).  predictions of the theory. It is possible that such a low value
is then only 1329 K. We also note that the intercepl.81)  may be due to some type of symmetry or order in the devel-
lies well below the range of values-1.06 to —1.71) ex-  oping cluster nucleus.
pected for this quantity. It is clear that additional refractory nucleation studies are
In view of the assumptions used in back-calculating thenecessary to resolve these and other discrepancies between
magnesium vapor pressure from our mass-loss data, we feghta and theory. It is also clear that reliable vapor pressure
that the published vapor pressure curves originally used teurves for refractory metals are needed in order to under-
reduce our nucleation data are at least reasonable and lesthnd the behavior of metallic vapors at high temperature.
confidence to our assumption that the magnesium concentra-
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